has accumulated indicating that depletion of body carbohydrate stores can play an important role in the development of physical exhaustion during prolonged strenuous exercise (2, 9, 12, 20, 37) . In some experiments it was found that the development of severe muscle fatigue coincided with almost complete depletion of muscle glycogen stores (2, 9, 20) ; under other experimental conditions, it was found thatt hypoglycemia secondary to depletion of hepatic: glycogen stores developed before muscle glycogen stores were exhausted (38, 41) . In view of the important role that glycogen plays during prolonged exercise, repletion of glycogen stores in muscle and liver must be an important Component of the process of recovery from physical exhaustion that an individual must undergo before his capacity for endurance exercise is restored. Skeletal muscles such as the gastrocnemius and quadriceps are a mixture of different fiber types. In rodents these are the fast-twitch white fibers which have a high glycogenolytic capacity, a low respiratory capacity, and 12 high myosin ATPase activity; the fast-twitch red fibers which have a high glycolytic capacity, a high respiratory capacity, and high myosin ATPase activity; and the slow-twitch red fibers which have a low glycogenolytic capacity, a moderate respiratory capacity, and low myosin ATPase (4, 6, 7, 15, 34) . These fibers also differ in their enzymatic capacity to convert glucose to glycogen (6, 27, 34) as well as in their vascularity (14, 32). It seemed possible, therefore, that there might be major differences in the rates at which the different muscle types replete their glycogen stores. Also, since liver glycogen stores in the fed, resting state are considerably higher than those in muscle, it seemed possible that recovery of glycogen stores following depletion might take longer in the liver than in muscle. These possibilities were investigated in the present study in which the rates of glycogen repletion in the different types of skeletal muscle, in the heart, atid in the liver were compared.
METHODS
Animal care and exercise procedure. Male rats of a Wistar strain (specific pathogen-free CFN rats) were obtained from Carworth Farms, housed individually, and provided with Purina Chow and water ad libitum.
The average weight of the animals was 290 =t: 5 g (mean zt SE). They were divided into two groups. One group was exhausted by means of swimming and the other was kept sedentary. To facilitate glycogen depletion, the exercised group was fasted for 24 h prior to exercise; the resting control animals were not fasted. The swimmers were placed in steel barrels, 47 cm in diameter filled to a depth of approximately 60 cm with water that was maintained at a temperature between 33 and 35"C, and exercised to exhaustion as described previously (41). The swim to exhaustion began at 8 : 30 A.M. and lasted approximately 3 h. Tissue preparation.
Immediately following the exercise to exhaustion, four rats were anesthetized with sodium pentobarbital, 6 mg/lOO g body wt, injected intraperitoneally. First, hindlimb muscles were excised and frozen with Wollenberger (4Zj tongs cooled in liquid Nz. These were the soleus muscle, which consists predominantly of slowtwitch red fibers, the superficial portion of the vastus lateralis (150-250 mg), which consists predominantly of white fibers, and the deepest: layer of the vastus lateralis (approximately 100 mg), which consists predominantly of fast-twitch red fibers (3, 4). Next, one lobe of the liver was frozen in liquid Nz. Then blood was drawn from the abdominal aorta and processed for glucose determination.
Finally, the heart was frozen with Wollenberger tongs. The same procedure was followed with the subsequent groups of animals.
The remaining exercised animals were given 0.5 g of glucose in solution by stomach tube immediately following the swim and again 1 h later. They were also given Purina Chow ad libitum and began eating within 30 min after being taken out of the water. Groups of four of these re- The tissues and blood of the nonexercised control group of rats were taken for analysis at approximately the same time as those of the swimmers killed 1 h after the swim to exhaustion. Eject of swim to exhaustion on blood glucose and tissue glycogen levels. As shown in Fig. 1 , the rats were hypoglycemic at the end of the swim to exhaustion. This is not surprising in view of the essentially complete depletion of liver glycogen stores (Table  1) . Gly co en levels in the fast-red (red vastus g lateralis), white (white vastus lateralis), and slow-red (soleus) typ es of muscle were depleted approximately 75 %. Glycogen concentration in heart muscle fell approximately 50 %. These results are in keeping with previous observations that, in rats, swimming to exhaustion, in contrast to running to exhaustion, does not cause an extreme degree of skeletal muscle glycogen depletion (16, 38, 41) ; the main factor responsible for physical exhaustion during prolonged swimming appears to be hypoglycemia secondary to essentially complete depletion of liver glycogen. Postexercise recovery. The animals' blood sugar had increased to 118 =I= 6 mg/ 100 ml 30 min following exercise and had returned to resting, fed control levels 2 h after esercise (Fig. 1) . The rates of glycogen repletion were different in the three types of skeletal muscle (Table 1) . Of the three fiber types, fast-twitch red muscle underwent the most rapid repletion of glycogen stores, with a return to the resting, fed control level between 1 and 2 h after exercise. In contrast, glycogen levels increased sIowly in white muscle and had attained only 74 % of the resting fed control level 4 h postexercise.
The rate of glycogen replenishment in slow-twitch red muscle was intermediate between that of the fast-twitch red and the white types of skeletal muscle. Heart muscle glycogen stores increased even more rapidly than those of fasttwitch red muscle, atthining levels 53 % (P < 0.02) above resting, fed control after 1 h of recovery and 85 % (P < 0.01) above control after 4 h ( Table 1) . This was the most marked degree of glycogen supercompensation seen in any of the tissues. ,Maximum levels of glycogen supercompensation in the different types of skeletal muscle ranged from 14 % above control levels for white vastus lateralis and soleus to 35 % for the red vastus lateralis; none of these small increases above control levels was statistically significant.
Liver glycogen concentration returned to the resting, fed control level slowly, attaining 4 % of the control level 0.5 h postexercise and 47 % of the control level 4 h postexercise (Table  1) . This relatively slow rate of recovery is a consequence of the high concentration of glycogen in the liver relative to muscle in the fed, rested state. For example, the concentration of glycogen in the liver 24 h after exercise was roughly 10 times as high as that in soleus and 5 times as high as that in red vastus lateralis (Table 1) . Muximum rates of glycogen resynthesis. A different perspective is provided when the data are examined in terms of the maximum rates of glycogen resynthesis in the postexercise recovery period. The highest rates of glycogen synthesis in all five tissues were seen in the period between 30 and 60 min after exercise. As shown in Table 2 , the rate of glycogen synthesis was fastest in liver and slowest in white skeletal muscle. The peak rate of glycogen synthesis in fast-twitch red muscle was approximately 3 times as great as in white muscle, twice as great as in slow-twitch red muscle, and 80 % as great as in heart muscle ( During exercise of an intensity that can be maintained for a prolonged period, most of the work appears to be done by the fast-red and the slow-red fibers, whereas the white fibers appear to be recruited only during very strenuous exercise or when the individual becomes severely fatigued (5, 17, 38, 40) . Thus, the present results, showing that glycogen stores are repleted more quickly in fast-red and slow-red than in white muscle, suggest that the capacity of mixed muscles for endurance activities is restored more rapidly than is the capacity for high-intensity exercise, such as sprinting, that also involves the white fibers. In studies on human beings given glucose after exercise to exhaustion, glycogen stores in quadriceps muscles returned to base-line resting levels in 4 h (26, 39) . In the present study, white muscle glycogen stores had attained only 74 % of control levels, whereas glycogen supercompensation was present in the red fibers 4 h postexercise. A similar situation may also have existed in the human subjects (26, 39), with glycogen supercompensation in the red fibers, and below normal glycogen levels in the white fibers, averaging out to give a value approximating the resting control concentration in the (mixed) quadriceps.
The presence of hypoglycemia and the finding that the rate of glycogen synthesis was much slower during the initial 30 min than during the second 30-min period after exercise suggest that glucose availability was the factor limiting glycogen synthesis in muscle and liver immediately after the swim to exhaustion.
Thirty minutes after exercise, however, blood glucose had increased to approximately 120 mg/lOO ml, and tissue factors, rather than glucose supply, were apparently determining the rate of glycogen synthesis. This is evidenced by our finding that the rate of glycogen synthesis was very much faster during the second 30-min period after exercise than during the subsequent time intervals studied when blood glucose levels were even higher.
Three of the steps that could limit the rate of glucose conversion to glycogen are known to be affected by exercise.
These are the permeability of muscle to sugar, hexokinase activity, and glycogen synthetase activity. Permeability of muscle to glucose and various other sugars is increased as the result of an insulinlike effect of contractile activity (19) (20) (21) (22) The highest rates of glycogen synthesis measured in muscle in the present study are surprisingly close to the reported rates of sugar transport. Although no accurate measurements of glucose transport into white skeletal muscle of the rat are available, considerable information is available on frog sartorius, which is a white muscle. With use of the nonmetabolizable sugar 3-methylglucose, which closely resembles glucose in the characteristics of its transport across cell membranes, the highest rates of transport into frog sartorius obtained in response to insulin or muscular con--traction have been in the range of 16-24 pmol/g wet wt per h (values corrected from 19 to 39°C using a Qlo of 2) (21, 23). In rat diaphragm, which contains approximately 60 % fast-red, 20 % slow-red, and 20 % white fibers (15), the reported rates of sugar transport induced by high levels of insulin have been in the range of 33-46 pmol/g wet wt per h (11, 28) .
Such comparisons seem less meaningful in the heart which continues to work and, therefore, to utilize substrate at a high rate after the cessation of exercise. Nevertheless, the rate of glycogen synthesis in the heart measured between 30 and 60 min postexercise in the present study is not very different from the rate of glucose transport into the working heart muscle obtained by Neely et al. (33) . These investigators found that, with 17 mM glucose in the perfusate and an atria1 pressure of 10 cm of water, glucose transport occurred at a rate of approximately 67 pmol/g per h. Hexokinase activity increases slightly in the muscles of untrained animals in response to a single, exhausting bout of exercise (8,30) and more markedly in response to exercise training (6, 8, 24, 30, 35) . Total glycogen synthetase activity is also increased in muscle by training (27). More importantly, muscle contraction with glycogen depletion results in an increase in the active form of glycogen synthetase (1, 10, 13, 39) . Glycogen synthetase occurs in two interconvertible forms: a D form, which is dependent for activity on a high concentration of glucose 6-phosphate, and an I form, which is independent of glucose 6-phosphate. Available evidence indicates that under physiological conditions the I form is primarily responsible for glycogen synthesis (36). The concentration of glycogen in muscle is one of the factors that regulates the ratio of the I to the D form of glycogen synthetase; when glycogen levels are normal, only about lo-25 % of glycogen synthetase is in the I form (1, 10, 13, 39). After exercise, when glycogen levels are low, from 30 to 75 % is in the I form (1, 10, 13, 39) . However, the rate of glycogen synthesis is still elevated hours after exercise when the increase in the I form of glycogen synthetase has disappeared, indicating that other factors must also contribute to the high rate of glycogen synthesis in the postexercise period (I, 10). Shown in Table 3 
